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Data conqiression 



This invention relates to a method and apparatus for use in data conqjiession 
and, more particularly but not necessarily exclusively, to a method and apparatus for 
reducing the volume o^ or conq«essing. test data for use in testing logic products such as 
integrated circuit chips and the like, so as to economize on the amount of computer memory, 
disk storage and time required to test such products. 

Each manufectured integrated circuit (IC) has to be tested thoroughly for 
manufecturing defects before it can be shipped to a customer. Conventianal methods for 
testing ICS consist of automated generation of test patterns usmg an ATPG (Automated Test 
Pattem Generation) tool, and appHcation of these test patterns to the IC using ATE 
(Automated Testing Equipment) and on-chip design-for-testability (DfT) structures. 

A common DfT technique for digital logic circuits is 'scan design', which 
aUows the flip-flops in the circuit to be configured into serial shift registers ('scan chains') 
during testmode. Refemng to Figure 6 of the drawmgs during scan testing, a test stimutas is 
shifledviaoneQrmorepins204fir8tinto1hescanchains200. After the complete test 
stimulus has been shifted in, the circuit 208 operates for one or more clock cycles in 
functional (or 'normal') mode. During a normal mode cycle, the stimuhism the flip-flops is 
^Ued to the logic cells 202 in flie circuity and the responses are captured m the flip-flops. 
Afler tiie normal mode cycles, the circuit is configured again into test mode, and the captured 
rej?)onsesm the flip-flops are shifted out This process is repeated until all test stimuU have 
been^ed. IVpicaUy, shifting in a new test stimulus into the scan chams and shifting out 
the test responses of the previous test stimulus can be done substantiaUy simultaneously. 

An ATPG tool generates test patterns for a digital logic circuity considering a 
particularfeultmodel. This feult model is used to model flie physical deffects that can occur 
inacircuit, like shortdrcuits. (resistive) <5»en circuits, or bridges between Each 
pattem as generated by the ATPG tool can be used to detect some of the modeled feults. TTie 
feute coverage (FC) of an ATPG test pattem set is defined as the ratio of flie number of 
modeled &ults that are detected by the test patterns, and the total number of modeled feults. 
Each test pattem consists of atest stimulus and the corresponding test responses. 
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A test pattern set as generated by an ATPG tool consists of test patterns. 
Combinatorial ATPG is typically used for combinatorial circuits or fiill-scan sequential 
circuits, while sequential ATPG is typically used for partial-scan or non-scan sequential 
circuits. For pattem sets generated by combinatorial ATPG, the order of the patterns in the 
5 set is often arbitrary. For sequential ATPG, the patterns in a set are typically groiqjed, and 
the order of the patterns within each groiq> is fixed. 

Concqptually, each test pattem is made up of test vectors. A test vector is 
typically a sequence of and ' 1 ' values, and contains stimulus bits for the IC iiiput pins, 
and response bits for the IC output pins. If an IC has « pins, then the test vector for this IC 
10 will contain n bits, one bit for each pin. A test pattem typically consists of a sequence of v 
subsequent test vectors that are applied to the IC in a particular order. 

The test vectors are stored in the ATE vector mranory. The ATB reads the 
stimulus data in a particular test vector from the vector memory, and applies it to the IC pins. 
The responses on the IC output pins are c^rtured by the ATE, and compared with the feolt- 
15 ftee responses as stored in the ATE vector memory. The ATE is able to indicate for each test 
vector whether it passes or feils, and in the case of a feiU the ATE can report all IC pins that 
output a faulty response. 

The current trend is to integrate more and mcro transistors on a single IC. 
According to Moore's law, this growth is e)cpQnential and the amount of transistors per IC 
20 roughly doubles every 1.5 years. As the size of a typical IC increases, it foUows that the test 
data volume required to test such IC's must also increase. Furlhennore, deep sub-micron IC 
process technologies mtroduce new defect types, which did not occur in prwious process 
technologies. These new defects typically have an impact on the timing behavior of a circuit, 
and additional test patterns are required to detect these defects. As a consequence, the test 
25 data volume is increasmg siqier-linear wifli the increasing IC sizes. In fact, test data volumes 
are expected to grow to the extent that they will no longer fit into a conventional ATE vector 
memory. 

There are a number of possible solutions to this problem: 

1 . Limiting the test data volume to the capacity of the ATE vector memory. 
30 However, tins implies that not all test patterns will be used to test an IC, such that the test 

quality is reduced, wluch is obviously undesirable. 

2. Dividing the test data volume into multiple test sets, such that each individual 
test set fits into the ATE vector memory. However, the 'reloading' of the ATE vector 
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memory to accommodate each test set increases the overall t^ time for an IC, which is also 
mdesirable. 

3. Extendingthe ATE vector memory. However, vector memory is e^qjensive 

and, in any case, the ATE architecture imposes an iqjper limit for memory extensioiL 
4- Replacing the convmtional ATE with a newer ATE, which offers more vector 

memory. However, this is very expensive. 

Thus, none of the above four possible solutions is truly adequate for dealing 
with increasing test data volume. In an alternative solution, the test data may be stored in the 
ATE vector memory in a compressed format The data is decompressed by circuitry that 
resides either on the ATE itself, on the daip, or in the communication path between the ATE 
and the IC (e.g. on the 'load board'). 

In recmt years, a large amount of test data compression techniques has been 
proposed. Most test data compression techniques e3q)loit the feet that a large amount of the 
test data is in feet random data. In each test pattem, only a limited amount of stimulus bits is 
specified (usuaUy only a few percent), i.e. 'care' bits, while most stimulus bits are •don't 
care* and can be filled at random. In principle, only the specified stimulus bits have to be 
stored in the ATE^ and this offers the possibility to compress the test data volume that has to 
be stored. 

While generating test pattOTtts, the ATPG tool inserts random values for the 
don't care stimulus bits. ThisprocessisTteferied to as -random padding'. Published US 
Patent Application Numbers US 2002/0099991 Al and US 2002/0099992 Al describe 
arrangCTients in vAnch test vectors are generated which contain both care bits and don't care 
bits, llie don't care bits are fiiUed with a reseated value, and the lesultiti^ 
compressed using vector repeat The filling strategies (or 'padding' types) proposed in the 
above-mentioned prior art documents are: 

a) filling the don't cares using 'repeat fill'; or 

b) filling the don't cares using repetitive background data. 

Using repetitive background data corresponds to 0-fill or l-fiU, where all of 
the don't care bits are filled with '0' or • 1 ' . Repeat fill implies that each don't care bit in a 
sequence is given the same value as the most recent care bit 

For example, consider the sequence OXXIXX, where the symbol X denotes a 
don't care bit Applymg a 0-fiU to tiiis sequence results m 000100 (i.e. aU X's replaced with 
O's). Applyingal-fiU to thesamesequenceresultsin 011111. Applying repeat fiU results in 
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0001 1 1 (Le. Ilie X's after flie 0 and before the 1 are assigned the value 0. whereas the X's 
after the 1 are assigned the vahie 1). 

Test vectors can be conq)ressed by using the vector repeat c^ability as 
supported by most ATE configurations. Figure 1 A is a schematic block diagram iUustrating 
a typical ATE architecture. The test vectors are stored in the ATE vector memory 100, whfle 
the instruction memory 102 contains instructions as to how to apply these vectors to the IC 
104. The instruction memory 102 may, for example, contain instructions to apply a 
particular vector for a number of cycles, winch is caUed 'vector repeat'. This aUows test data 
compression, since a sequraice of v identical test vectors can be stored on the ATE using a 
single vector in the ATE vector memory 100 and an instruction in the ATE instniction 
memory 102 to repeat this vector v times. 

An alternative ATE architecture is ittusttated in Figure IB, where the vector 
memory 100 and instruction memory 102 are distributed. Each vector memory 100a, 100b, 
and its corresponding instruction memory 102a, 102b, is now used to ^ly data on a sub-set 
offlielCpins. Sudi a sub-set ofIC pins is lefecred to herein as a pin-group or port. Figure 
IB only shows two ports, but this can be extended to more than two ports, if desired. TTie 
number ofpms par port may vary per port hi some cases, each port may correspond to a 
single IC pin, whra^as m otha- cases, n-pm ports may be used, where n is an mteger > 1. 

Since each port has its own vector memory and instruction manory, it is 
possible to repeat vector data per port 

We have now devised an inqiroved arrangement 
In accordance wifli the present mvention, there is provided a method of 
compressmg data comprising at least two subsequent vectors, wherein a vector comprises one 
or more bits, the method being characterized by the steps of: 

^ comparing cotcespondrng bits in twro subsequent vectors to determine if they 

are compatible; and, if said bits are conipatible, 

iO niergmg said vectors to create a single vectra: representative thereof; 

wheran compatibility of two bits is achieved provided that they do not have specificaUy 
incon^atible or opposite values. 

Two bits are said to be incompatible if Ihey are guaranteed to be distinct, i.e., 
two bits bi and ba are incornpatible if bi ^ ba, and bi ^ X, and ba =5^ X. 

In a preferred embodiment, the method includes the step of generating a repeat 
value in respect of one or more vectors, said repeat value being indicative of a number of 
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HsDGs the respective meiged vector should be repeated to reconstruct tibe original vector 
sequCTces of which the merged vector is representative^ 

Preferably, the data courses test vector data for use in testing a 1^^ 
product and the method includes the steps of generating original test vector data comprising 
"care** and "don't care" bits, and conq)ressing said test vector data according to steps i) and 
ii) defined above. 

The origroal test vector data may be gena:ated by means of an Automated Test 
Pattern Generation (ATPG) tool 

The pr^ent invention fijrfha: extends to a data set comprising test vector data 
for use in testing a logic product; the test vector data being compressed by the above-defined 
method. 

Also in accordance wilii the present invention, there is provided a method of 
testing a logic product, the method conq)rising the steps of generating conq)ressed test vector 
data as defined above, reconstructing the care bits in the test vector data by repeating the 
merged vector one or more times according to its respective repeat value, applying the 
reconstructed test vector data to an input of the logic product, and obtaining the resultant 
output data. It will be appreciated that, in the original test vectors, there are care and don't 
care bits. Afierconqjression, information is lost with regard to the don't care bi^^ Thus, the 
term ^^reconstructing" used herein means reconstructing the care bits in the vectors i.e. 
without don't care bits. The original teSt vectors (with the don't care bits) cannot be 
reconstructed in this manner. 

The method defined above may fimher include the step of conq)ressing the 
ou^ut data in accordance with the method of conopressing data as defined above. 

StiU further in accordance with the present invention, there is provided 
apparatus for compressing data comprising a sequence of at least two subsequent vectors, 
wherein a vector conq)rises one or more bits, the apparatus being characterized by: 

i) means for comparing corresponding bits in two or more, subsequent vectors to 
determine if they are con^atible; and 

ii) means for merging said two or more vectors in which all corresponding bits of 
said vectors are coinpatible, to create a single vector representative of said two or more 
vectors; 

wherein compatibility of two bits is achieved provided that they do not have specifically 
inconopatible or opposite values. 
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It be qjpredated that a vector may comprise n bits, where n is a positive 
integer (i.e. 1 or more). In other words, a vector may comprise one or more bits. 

Once again, the data may cort5)rise test vector data for use in testing a logic 
product, and the apparatus includes means for generating or receiving original test vector data 
comprising two or more vectors including "care" bits and "don't care" bits. 

Still further in accordance with the present invention, there is provided 
apparatus for testing a logic product, including means for generating original test vector data, 
^aratus for compressing the original test vector data as defined above, means for 
reconstructing the care bits in tiie test vector data, means for applying the reconstructed data 
to an i:q)ut of the logic product, and means for obtaming the resultant ou^ data. 

The ou^ut data may also be conqiressed by means of the data compression 
apparatus defined above. The apparatus may further conotprise means for reordering a test 
pattern, prior to ccnnpression thereof. Once again, the means for g^erating the original test 
vector data may comprise an Automated Test Pattern Generation (ATPG) tool. 

The apparatus may comprise means for storing merg^ data sequences in the 
form of a data set for use in testing a logic product, and the present invention extends to 
electronic data storage means on which is stored a data set created by means of sadb 
qipaiatus. 

Thus, in summary, test vectors typically contain a large amount of "don't 
care" bits (often > 90%), and these don't care bits can be modified without affecting foe feult 
coverage of foese vectors. These don't care bits can be exploited, in accordance wifo foe 
present mvention, for conopressing the test vectors, and hence for reducing foe test data 
volume. Rnn-lengfo encoding is en^loyed to conqness a sequoice of test vectors. Such 
compression can be made qitimal if foe average nm-lengfo is maximal, and this optimum is 
achieved by (he present invraition by applying "merge fill". 

The basic idea of merge fill is to fill foe don't care bite m such a way that 
sequences of conqiatible test vectors are created. Each sequence of compatible test vectors 
can be merged into a single test vector plus, preferable, a rqieat count value. Storing foe 
merged test vectors and rqpeat counts requires less ATE memory when compared to storing 
the origmal test vectors. The net result is foat foe use of merge fill permite optimal run-lengfo 
encoding, and aUows larger reduction of test data volume compared wifo prior art techniques. 

Thus, foe mefood of foe present invention differs fi-om conventional padding 
mefoods because foe don't care bite are padded by not only considering foe bite that are being 
applied on a single pin, but on all puis on a port (m foe case where n-pin ports are employed). 
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Prior art configurations only consider padding for the ATE configuration illustrated in 

Figure 1 A, i;*ere att IC pins are connected to a single IC memory, whe^ 
invention can also be used in ATE configurations as shown in Figure IB. For both ATE 
configurations, merge fill allows much higher repeat counts than other padding tj^es, thereby 
5 significantly reducing the test data volume required to be stored: 

An additional degree of fteedom can be achieved by reordering the test 
patterns (as described below) to fiirther reduce the number of test vectors that have to be 
stored in the ATE vector memory. 

In anotiier embodiment of the present invention, the don*t care bits may be 
10 randomly filled in die case of sequences of <n vectors, and merge fill according to the present 
invention may be used to fill the don't care bits in a sequoice of > n con^)atible vectors. 

In principle, the don't care bits in test vectors can be assigned aibitrary values. 
However, flie filling of don't care bits unpacts the test quality of the test vectors. Particularly, 
the actual defect coverage, i.e., the number of detected physical defects, as well as the • 
15 diagnostic resolution, i.e., the ability to identify ^ch feults are present in a felling circuity 
are afifected by tiie filling of don^t care bits. Test vectors in which the don't care bits are filled 
randomly, tend to have higher test quality ttian test vectors in which the don't care bits . are 
filled with more regular values, like in O-fiU, 1 -fill, repeat-fOl, or merge-filL To m^rove test 
quality, the don't care bits in incompatible vectors are therefore filled best with random 
20 values. Eurfhermore, if a sequence of compatible vectors is short (i.e.» smaller than some 
value n), thm the don't care bits in these vectors can also be filled with random values. If a 
sequence of conq)atible test vectors is large (i.e., larger than or equal to n), then metge-fill 
can be ^lied to fiU the don't care bits in these vectors. The result is that higher test quaUty 
is achieved when compared to using meige-fiOil only, which comes at the cost of slightly 
25 reduced test data coiK^ression when iLsingruchlength encoding, i.e.,ve^ 

These and other aspects of the mvention will be apparent fix)m and elucidated 
with reference to the embodiments described hereinafter. 

:^bodiments of the present invention will now be described by way of 
examples only and with reference to the accompanying drawings, in which: 
30 Figure 1 A is a schematic block diagram illustrating an ATE architecture 

according to one exeniplary embodiment of the present invention; 

Figure IB is a schematic block diagram illustrating an ATE architecture 
according to another exemplary embodiment of the present invention; 
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Figure 2A is a flow diagram illustrating an ATPG procedure according to an 

exenq)lary embodiment of the present invention; 

Figure 2B is a flow diagram illustrating an ATPG procedure according to 

another exemplary embodiment of the present invention; 

Figure 3 is a graph illustrating the average repeat count for various padding 

lyp^, while varying the number of pins per port (i.e. a comparison of merge fill with other 

padding types); 

Figure 4 is a graph illustrating the average repeat count within merge fill for 
varying probability p; 

Figure 5 is a gr^h illustrating the ratio of the average repeat counts obtained 
with merge fill and repeat fill, while varying tiie number of pins per port and probaWKty p 
(i.e. comparison of merge fill, with repeat fill) and; 

Figure 6 is a schematic diagram illustiating an IC with flip-flops and 
combmational logic, where the flip-flops can be configured into scan chains. 

The 'merging' concept will first be described. Consider a 3-valued logic 
I>={0, 1,X}. Using this notation, it inqplies that eadi bit in a sequence can 
have a value '0% * r or 'X' (don't care). It wiU be ^jpreciated that, as in the prior art^ a don't 
care bit can be arbitrarily set to 'O' or '1 '. 

For the purposes of the following, a sequence of two bits bibz is said to be 
conipatible if the sequence is 00, OX, XO, 1 1, IX, XI or XX. The sequence is said to be 
incompatible if it is eitiier 10 or 01. This can be ejrtended to a sequence of /i>2 bits, in which 
case the sequence is said to be compatible if all of the bits in the sequence aie aU 0 or X, all 1 
or X, or all X. The sequence is said to be inconipatible if it contains at least one bit that is 0 
and at least one bit that is 1. 

In accordance with this exemplary embodiment of the present invention, two 
compatible bits can be merged into a single bit using the 'merge' operator: 
1 • merge (00) = merge (OX) = merge (XO) = 0 

2. meige (11) = merge (IX) = merge (XI) = 1 

3. merge(XX) = X 

^- merge (01) and merge (10) are undefined (because the sequences are 

incompatible) 

This can be genoralized for a sequence of »> 2 bits: 
1. merge ({0,X}'0 = 0, where {0,X}"' indicates a sequence of O's and X's witii at 

least one 0. 
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2. merge ({i;xn = l.vdiere {ipi:}~iiidicatesasequaiceof TsandX^s withat 
least aael. 

3. merge ({X}'*) = X,whCTeX*" indicates a sequence of one or more X*s. 

4. merge ({0,1^}") is undefined where {0,1^}~ indicates a sequence of O's, I's 
and X's, witih at least one 0, at least one 1, and zero or more X's. 

A vector v, can be defined as a sequence of » bits (va, ,vj„). Twon-bit • 

vectors vi, vz are said to be conqiatible i^ for all J (1 <^) holds that die bits viy and ai» 
compatible. Two compatible vectors vi and vz can be m^iged into a new vector i/^f^, where 
v°^ = (merge(vu,V2i), , merge(vi„.v!2„)). 

A test pattern consists of a sequence of V sulsequent test vectors where V 
typically equals the number of scan shift cycles plus normal mode cycles. The v vectors m a 
test pattern have a fixed order. 

A test pattern set consists of p test patterns, and the set is dther ordered or 
unordered. If the test pattern set is ordered, the order of the p test patterns is fixed; the test 
pattern set then consists of a sequence afpv test vectors in a fixed order. If the test pattern 
set is unordered, then it consists of a sequence o£p-v test vectors, vfbsss the v vectors in each 
sub-sequence have a fixed order, but the order of the sub-sequences is not fixed. 

A sequence of test vectors can be conqnessed by merging subsequent 
con^atible vectors and the result is a sequraice of Emerged test vectors.. The alg(mtbm to do 
so is shown below. It can be proved mathematically that this compression algorithm is 
optimal, that is, results in a sdbortest possible sequence after merging. 



f*k counts the numiber of mexge-vectors '*'/ 

Vk"*^=vi; /*merge-vector VI is vector vi */ 

For(2< / <pv){ /•iterate for all/iv vectors */ 

If compatible (vj, v^''^) /* if vector vi and are compatible */ 

Vk^^mergpiyuv^"'^ /♦ then merge these vectors. 

Else{ /* if vector VI and vk°*^ are mcompatible */ 

itH- 

y^iaei88d_.j^. /* then create new merge- vector */ 
} 

> 
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Referring to the above example, (a) denotes a sequence of 6 test vectors, and 
(b) shows the merged test vectors that are generated when executing the above algorithm. 
The resulting sequence consists of 3 merged test vectors as shown in (c). The specified bits 
in the original sequence of test vectors of (a) can be reconstructed firom the sequence of 
merged test vectors of (c) by repeating each merged vector a number of times as indicated by 
(d). The reconstructed vector sequence is shown in (e), where the dif&arences with (a) are 
underlined. It can be seen that both sequences have the same specified bits, but some don't 
care bits have hem filled in (e). The remaining don't care bits in the merged test vectors can 
be filled randomly, as for exanrple, illustrated in (Q. 

In the above exanq)le, storing the original test vector sequence requires storing 
6 test vectors. Storing the merged test vector sequence requires storing only 3 merged test 
vectors, plus the repeat count for each mer^ test vector. The net effect is a significant 
reduction of the test data volume for storing this vector sequence. 

For unordered pattern sets, the possibility to reorder the test patterns offers an 
additional degree of fireedom. It is preferred to order the patterns in such a w^ that the last 
merged test vector of a pattern is coinpatible with the first merged test vector of the 
subsequent pattern. If this is the case, then these two merged test vectors can be merged into 
a single merged test vector. 

Example 2 (below) refers to two test patterns (column (a)). The last vector of 
pattern 1 (v^ """^^ is incompatible with the first vector of pattern 2 (v4 and hence 
ordering pattern 2 after pattern 1 is not preferred. The last vector of pattern 2 (v6 ^^'^^) is 
compatible with the first vector of pattern 1 (vj "^'^), and hence it is preferred to order 
pattern 2 before pattern 1 , The resulting sequence of merged vectors with their repeat counts 
after test pattern reordering is illustrated by column (b). 
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It can be seen, therefore, that the above procedure for pattern reord^g is 
optimal, i.e. results in the shortest possible sequence of merged test vectors. 

The merging of test vectors and reordering of test patterns can be integrated 
into the ATPG procedure. The don't care stimulus bits are now fOled in such a way feat 
compatible test vectors are created, which can be merged. 

Two possible ATPG flows are shown in Figures 2A and 2B respectively. In 
Figure 2A merge-fiU is done for each individual test pattern, unmediately after the pattern 
has been generated. The advantage ofthis approach is that the padded slinmlus bits are 
considered during &ult simulation, and hence the &ults that are detected due to these 
stimulus bits are niarked as detected fmdts. In Figure 2B merge^^ 
have been gCTierated. Since &ult simulation is peifonned on tihepattenis without paddi^ 
the number of test patterns may be slightly larger than for the flow in Figure 2A. The 
advantage of the flow in Figure 2B is somewhat more flexibility, hi both flows, pattern 
reordering with vector merging, and a final j&ult simulation are qptionaL 

Merging of vectors can be done for my sequence of vectors that have size n. 
Jn principle, far a chxaiit with t pms, all test vector have size /, and hence n = t It is also 
possible to split each /-bit vector v< into a number of sub-vectors ^%....^Vim. Each sub-vector 
vij has size .s(vij), with l<^vij)< ft and Ei^<ta 5(vij) = /. A sub-vector corresponds to the 
stimulus bits for a set of IC pins.^ Such a set of pins is usually referred to as a **piargroup" or 
•*portr. 

Reduction of test data volume is achieved by the vector-repeat capability that 
is supported by current ATE. On some ATE vector-repeat is only possible for all pins: there 
is only a single port that contains aU IC pins and hence there is only a single sequence of 
vectors. On other ATE, vector-repeat is possible per group of pins: there are multiple ports. 
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where each port contains some subset of the IC pins, and there are as many sequences of sub- 
vectors as Ihere are ports. In the extreme cases, each port contains a single pin, or a single 
port contains all pins. For othCT configurations, the numb^ of pins per port varies between 
one and the number of IC pins. 

In Example 3 (below), the first sequence of sub-vectors vu is applied on port 
1, and the second sequence of sub-vectors vn on port 2. The above algorithm for merging 
test vectora is now executed twice: once on the first sequence of sub-vectors vn, and 
independently on the second sequence of sub-vectors vn. The results are shown in columns 
(b) and (c). The sequences of merged sub-vectors can be compressed as shown in columns 
(d) and (e). For each port, the merged sub-vectors are shown and the number of times that 
each sub-vector is repeated. The sequence on port 2 is represented by a single vector "1 0", 
which is repeated 6 times. 



Example 3 


















Portl, Port 2 


Portl 




Port 2 




Portl 






Port2 


vi = (OXX,lX) 


VI, 


"'=OXX 




•* = ix 


VII 


"*=oxo 


3 


V12 = 10 






"*=oxo 




'=* = 1X 




"' = 1XX 


1 




vj -(oxsyco) 


Vl, ""^ 


•^ = 0X0 




"• = 10 




°* = 0X1 


2 




V4 =(1XXJD0 




'* = 1XX 




'^ = 10 










V5 =(oxxpco) 




'*=oxx 


VI2"*^ 












V6 = CXXUX) 




"'=ox 




^ = 10 










(a) 


(b) 




(c) 




(<0 






(e) 



The basic idea proposed above is to use merge fill as ATPG padding strategy. 
It can be proved mathematically that the use of merge fill gives optimal results, that is, results 
in the longest jjossible sequences of coinpatible vectors and hence the longest repeat counts. 
Analysis, as well as simulation results, showing the following: 

For repeat-per-pin (i.e. a port contains a single pin), merge fill is the same as 
repeat filL Hence, in this case, both merge fill and repeat fill perform optimally, and the 
average repeat count with merge fill or repeat fill is proven to be higher than the average 
repeat count obtained with other padding strategies like random fill, zero fill, or one fill. 
For repeat-per-port (i.e. a port contains more than 1 pin), the average repeat count wife merge 
fill is proven to be optimal, and is much larger than the avemge repeat count with repeat fill 
or other padding types. 
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Mathematical analysis indicates that the average repeat count for ports of n 

ljits,isofthefemi£^ , where/y^istheprobahiHtythatastnnulusbitis Oi/»(l- 

q) is the probabiUty that a stimulus bit is 1 , and 1 is the probability that a stimulus bit is X. 

Cn(g) is some constant that that depends on n and q. 

For example, if n = 1, then the average repeat count with mrage fill is: 

^i=c,(^).-withc,(g)=- ^ 



p 2q(l-qy 
And,ifB=2,then: 

^ «C2(g).— withc2(9) = l+-^^^+ 



p 4q(l+q) 4(l-q)(2-q) 

For instance, foTq= 1/3 and/? = 0.003, it follows fliat Ei = 750 and JSa = 483. 
These results correspond to simulation rraults with random test vectors, vMch show744 and 
485 respectively. 

Results of simulation with random test vectors are shown in Figure 3. The 
figure shows the average repeat count for various padding types, while varying the number of 
pins per port The figure shows that for n = 1 (repeat-per-pin), merge fill and repeat fill 
perform equally well. For « > 1 (repeat^per-port), merge fiU clearly outperforms repeat fiU 
and other padding types. 

Figure 4 shows the avemge repeat count with mecge fill for various values of 
p. The figure shows that the average repeat count decreases if/>incateases. This is as 
expected, since increasmg/? impUes that the amount of don't caie stimuhis bits decreases, 
which leaves less room for optimizing repeat count by smartly fillirig of the don't cares;. 
Figure 3 and Figure 4 both show that die average repeat count also decrease witibi increasing 
number of pins per port This is also as expected, since having more pins per port lowers the 
probability of haviiig compatible vectors. 

Figure 5 shows the ratio of the average repeat counts obtained with rnerge fill 
and repeat fill, while varying the number of pins per port and probability p. E.g; farpq = 
0.01, the average rq)eat count with merge fill is up to 6 times larger than with repeat fill 

Bxsaaple 

The following exanqile of vector repeat is taken fi»m US patent application 
NO.US2002/0099992. Consider the following 15 vectors of9 bits wide. (Eachcotamn 
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canesponds to a vector, and flie vectors are ordered &om right to left The symbol 
indicates that a bit is don't care.) Storing these 1 5 vectors requires 15x9=135 bits. 



9 — -0 

5 8 1- 

7—1-1 1 

6 1 

5 1 

4 1 — 0- 

10 3 — 0 

2 1-0 

1 0—0 



The following vectors are obtained ^dien applying repeat fill, and O-fili for tfie 
15 initial don't care bits as proposed in US2002/0099992. (The vectors again are ordered fiom 
rigihttoleft). 

9 000000000000000 

8 111111111111100 
20 7 111111111111111 

6 111111000000000 

5111111111100000 

4 111111110000000 

3 000000000000000 
25 2 111111111111100 

1 000000000000000 



It is now is required to store only 5 vectors (indicated in boldfiice), with repeat 
counts of 2 (vector 1-2), 3 (vector 3-5), 2 (vector 6-7), 2 (vector 8-9), and 6 (vector 10-15). 
30 This requires 5x9 = 45 bits of storage, plus 5 repeat count values, which results in (135- 
45)/135 = 67% reduction. 

The following vectors are obtained when applying merge fill, as proposed in 
Ifae piesent invention. (The vectors again are ordered fiom right to left). 



35 9 000000000000000 
8 111111111111111 
7111111111111111 
6111111111111111 
5 111111111111111 

40 4 111111110000000 
3 000000000000000 
2 111111111111100 
1 000000000000000 
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It is now required ta store only 3 vectoR (indicated in 
counts of 2 (vector 1 -2), 5(vector 3-7), and 8(vector 8-15). This requires 3x9 = 27.bits, plus 
3 repeat count valura, wbidx results in (1 35-27)/135 = 80% reduction. 

Thajs, the present invention proposes merge fill in ATPG padding for reducing 
test data volume. Test vectors typically contain a large amount of don't care bite (often 
>90%), and these don't care bits can be modified without affecting the feult coverage of these 
vectors. The basic idea of merge fill is to fill the don't care bits in such a way that a sequence! 
of compatible test vectors is crated. Coiiq)atible vectors can be merged into sL single test 
vector plus a repeat count value. Our compression coiresponds to runrleoglh encoding of a 
sequence of test vectors. It can be proven that the use of merge fill resulte in an optimal run- 
length code, in the sense that the longest possible run-lengths are achieved. 

Storing merged test vectors and repeat counte, requires less ATE memory, 
when conqjared to storing the original test vectors. Merge fill is optimal, and oulperfoims aU 
prior padding types. 

In the specification, the notion of merge fill was extended for lepeat-per-port, 
where each test vector is split into a number of sub-vectors, one sub-vector pec port. For 
each por^ merge fill can be ^lied mdependendy. We also used an additional degree of 
fiieedom to reorder the test patterns, to fiirlher. reduce the amount of merged test vectors.: 

The preseiit invention offers an effident and effective sohition fiir handling the 
increasing test data volumes referenced to above. Application of flie present invention avoids 
the threads on test quality, test time, and test costs. 

Bnbodiments of the presrait invention have been described above by way of 
example only, and it will be apparent to a person skilled in the art tiiat modifications and 
variations can be made to the desoibed embodiments without dqparting from the scope of the 
invention as defined by the fended claims. It will be further understood that the term 
"comprising^ is not intended to exclude other elements or steps,, the terms "a" or "an" are not 
intmded to exclude a plurality, and a single processor, or other unit m^ fiilfill the fimctions 
of several means recited in the claims. 
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CLAIMS: 



1- Amelliodof conqnsssingdalacaDaprisingase^ 

subseqaent vectors, ^Tfara^ a.vectorcon^^ 
characterized by the steps o£ 

(0 <^<>°9aringconrespondingbitsoftv70ornioresab 

if Ihey are compatible; and, if all corresponding bits of said vectors are compatibly 

n) i>i>erging said two or more vectors to create a single vector representative 

thereof wherein compatibiKty of two bits is achieved provided that they do not have 
specifically incompatible or opposite values. 

2. A method accordmg to claim 1, wfaerdn said data con^rises test vector data 
for use m testing a logic product^ and the m^od inchides the steps of generating or 
obtaining origmal test vector data comprising "care" bits and "don't care 'Tjits", and 
compressing said test vector data according to steps i) and ii). 

3. A method according to claim 2, wherein said origtaal test vector data is 
generated by means of an Automated Test Pattern Generation (ATPG) tooL 

^- A method according to any one of claims 1 to 3, including the step of 

generating a repeat value in respect of one or more merged vectors, said repeat value being 
indicative of a number of times the respective merged vector should be repeated to 
reconstruct the care bits in the vectors of which the merged vector is representative. 

^- A data set comprising test vector data for use in testing a logic product; said 

test vector data being compressed by the method of claim 4. 

6- A. method of testing a logic product, the method comprising the steps of 

generating compressed test vector data according to claim 5, reconstructing the test vector 
data by repeating the merged vector one or more times according to their respective repeat 
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values, applying said reconstracted test vector data to an input of said logic product and 
obtaining the resultant output data. 

'^^ A method according to claim 6, fiirther comprising the step of compressing 

said ouJput data according to any one of claims 1 to 4. 

8- Apparatus for compressing data conq)rising a sequence of at least two 

subsequent vectors, wherein a vector comprises one or more bite, the apparatus being 
characterized by: 

0 means for comparing corresponding bils of two or more data subsequent 

vectors to determine if they are coropatible; and 

ii) means for merging said two or more vectors in which all corresponding bite of 

said vectors are compatible, to create a single vector representative of said two or more 
vectors; wherein compatibility of two bite is achieved provided that they do not have 
specifically incompatible or opposite values. 

^- Apparatus according to claim 8, wherein said data comprises test vector data 

for use in testing a logic produd^ and the ^paratus includes means for generating or 
receiving original test vector data comprising a sequence of two or more vectors, wherein a 
vector con^rises one or more bite, including "care" bite and "don't care" bite. 

^0- Apparatus for testing a logic product, including means for generating original 

test vector data, apparatus for compressing said original test vector data according to claim 9, 
means for reconstructing said test date fix)m said compressed data, means for applying said 
reconstructed date to an input of said logic product, and means for obtaining the resultant 
output data. 

1 1 . Apparatus according to clahn 1 0, wherem said don't care bite are randomly 

filled in the case of test vector date comprismg a sequence of <n vectors, while said don't 
care bite are fiUed by merging compatible vectors in the case of test vector date comprising a 
sequence of >n compatible vectors. 

^2- Apparatus according to claim 10, including apparatus according to claim 8 for 

compressing said output data. 
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13. Apparatus accordmg to axxy one of claims 10 to 12, wherein said means for 

generating original test vector data comprises an Automated Test Pattern Generation (ATPG) 
tooL 



14. Apparatus according to claim 13, including means for reordering a test pattern, 
prior to compression thereof 

15. Apparatus according to claim 10, including mrans for storing merged data 
sequences in the form of a data set for use in testing a logic product 

16. Electronic data storage means on which is stored a data set cieated by means 
of apparatus according to claim 1 5. 
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ABSTRACT: 



A method and qiparatus for compiessmg test vector data for use in testing a 
logic product, wherein original test vector data is generated in the form of two or more 
sequences of bits including '*care" bits and **don't care" bits. The test vector data is then 
compressed by comparing corresponding bits of two or more subsequent vectors and merging 
the two or more vectors into a single vector representative thereof if aU of the corresponding 
bits ofthe two more vectors ace found to be compatible. Compatibility of two bite is 
achieved if they do not have specifically inconq)atible or opposite values. 
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